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-Herbarium specimens provide long-term phenological data that can be used for climate change 23 research. 24 -Millions of herbarium specimens are being digitized and evaluated for phenological status. 25 -Herbarium-based data are being combined with remote sensing, citizen science, and climate 26 data, offering greater power for analysis. 27 -We discuss the opportunities provided by, and the limitations of, herbarium specimens in 28 studying plant phenology. 29 change biology [1] [2] [3] [4] . Yet, despite the importance of phenology to plant success [5] [6] [7] , little is 48 known about the phenological behavior of most species [8] . In particular, the way in which 49 different environmental factors serve as phenological cues across the majority of species remains 50 a mystery [9] . This is mainly due to the difficulty of acquiring the data necessary to identify 51 specific environmental factors that drive phenological transitions for a given species. The 52 collection of these data has traditionally required long-term field observations or manipulative 53 experiments that are difficult to scale-up such that they capture entire regions, communities, or 54 plant clades [8, 9] . Efforts to collect species-level phenological data, therefore, have been pursued 55 in only a relatively small number of species from a limited geographic distribution and often 56 over short time scales, resulting in a substantial gap in our understanding of phenology [8] . 57
To address this gap, researchers have recently turned to the vast collections of plant 58 specimens in the world's herbaria for phenological information [10] [11] [12] [13] [14] . Herbarium specimens 59 can be viewed as records of the phenological status of an individual, population, or species at a 60 given time and place (Box 1). While the phenological information provided by an individual 61 specimen is limited, many specimens can be used collectively to assemble a long-term picture of 62 the phenological behavior of a region and the species that inhabit it. Expanded phenological 63 information derived from large numbers of specimens can offer insight into two key ecological 64 phenomena: 1) long-term shifts in phenology at a given location over decades or even centuries 65 [10, 11, [15] [16] [17] , and 2) how seasonal or interannual environmental variation cues phenological 66 transitions (i.e., phenological sensitivity) [14, 18, 19] . It is now being recognized that herbarium 67 specimens provide a reliable method for estimating phenological sensitivity in plants (Box 2). 68
Furthermore, specimens offer unique attributes that have the potential to greatly expand our 69 understanding of phenology. First, specimens offer a detailed history of phenological change, 70 with many collections dating back centuries [20] , prior to the modern influence of climate 71 change [23] . Second, given their diversity in both phylogenetic and geographic sampling [12] , 72 specimens offer the opportunity to study the evolution of phenological traits in a wide range of 73 lineages and biomes as well as how phenological traits may shape patterns of diversity under 74 future climate change. 75
The pace of herbarium-based phenological research has accelerated rapidly over the last 76 decade (Table 1) , facilitated by the increasing availability of online digitized herbarium 77 specimens is facilitating this acceleration [22] [23] [24] [25] [26] . As more of these collections are digitized and 78 climate change research continues to advance, it is now an appropriate time to evaluate the 79 current state of herbarium-based phenological research and discuss potential limitations, areas 80 for improvement, and opportunities for future research. 81
82

Historical Uses of Herbarium Specimens to Study Phenology 83
For hundreds of years, botanists and naturalists have collected and preserved plants as herbarium 84 specimens for taxonomic research, to record the flora of a region [27] , to document their 85 economic uses [28] , and as a social hobby [29] . Traditionally, specimens were not collected with 86 specific intent to study phenology per se. As plant collection became more widespread among 87 professional botanists in the 18 th and 19 th centuries, however, the ancillary information recorded 88 and retained with each specimen became more detailed and standardized-and thus more 89 amenable to phenological research. Most specimen labels created during the last 150 years 90 provide information on locality, date of collection, and habitat. In addition to label data, physical 91 specimens are rich with information regarding plant health, morphology, and phenological status. 92
From these data, researchers can derive descriptive estimates of a species' reproductive season 93 (e.g., flowers in May-June) for inclusion in published floras, species identification, and 94 application in horticulture. The use of such data for more detailed studies of ecological and 95 evolutionary processes, such as phenological sensitivity to temperature, has been limited 96 historically (Table 1) Researchers realized that herbarium specimens could potentially be used to detect and quantify 110 long-term phenological shifts in response to climate change [10] . This, in turn, lead to the use of 111 specimens to estimate phenological sensitivity to different environmental factors, including 112 temperature, day length, and precipitation (Table S1 ). To date, specimens have been used to 113 estimate the onset of several phenophases, including first flowering, peak flowering, leaf-out, 114 fruit set as well as the duration of entire growth phases [19, [36] [37] [38] [39] [40] [41] [42] . These phenophase estimates 115 have, in turn, been used to study long-term shifts in phenology and phenological sensitivity to 116 interannual climate variation (Table 1, Table S1 ). 117
A literature review focused on the modern use of herbarium specimens to study 118 phenological responses to climate (see Supplemental Materials for the full description of our 119 Methods) reveals interesting generalities and insights. First, studies that have investigated long-120 term shifts in phenology have generally found that flowering and leaf-out times have advanced, 121 in some cases dramatically, over the last century (median = 9.5 days, range = 0-97 days) [ Table  122 S1; 12,13,17,19,20,51]. These long-term trends are often in agreement with studies that have 123 used alternative sources, such as observational data, to study phenological shifts [45] [46] [47] [48] . 124
Second, for most of the studies we reviewed, the onset dates of spring flowering and leaf-out 125 tended to be negatively associated with winter or spring temperatures [Table S1 ; 4,9,16-18]-126 i.e., plants tended to flower and leaf-out earlier in warmer years. However, some species and 127 regions exhibit delayed or mixed phenological responses under warmer temperatures, potentially 128 because they did not experience sufficient winter chilling requirements or the imprint of past 129 climate conditions has resulted in a response lag [17, [52] [53] [54] . Third, given the span of time and 130 geographic area that specimens encompass, they almost always capture a greater range of 131 climatic variation experienced by a species than traditional long-term observational data, and 132 thus can provide a more complete estimate of phenological shifts over time as well asphenological sensitivity to interannual or spatial variation in climate (Box 2; [14] ). 134
Most studies that have used herbarium specimens, however, have focused on a single 135 phenological event, most commonly the date of onset for a single phenophase (Table 1, Table  136 S1). The most frequently studied phenophase in relation to climate change is flowering (39 out of 137 40 studies, Table 1) , with a specific focus on either mean flowering date or peak flowering date 138 (Table S1) Fig. 1 ), mirroring geographic biases in long-term 146 observational data [8] . The potential to expand phenological investigation into non-temperate 147 biomes using specimens, however, is considerable as illustrated by the density of tropical and 148 sub-tropical specimen records in the iDigBio database alone (Fig. 1) . 149
Several recent studies have validated herbarium phenological estimates by comparing 150 them to independent estimates of similar phenological phenomena (Table S1 ). By and large, 151 comparisons with independent phenological data-using photographs (prints, negatives, slides, 152 and digital images) and field observations-show that herbarium-based estimates of both 153 phenological timing [13, 26, 42, 58] important to consider how accurately specimens represent the phenology of the whole plant or 199 local population from which they are sampled. 200
Biases due to digitization 201
Data quality issues in herbarium data may also arise after collection, during label 202 transcription or due to digitization. For example, ambiguous handwriting or descriptions can lead 203 to the incorrect transcription of a specimen's location or collection date. In addition to 204 transcription errors, discriminating among phenophases can be even more difficult if observers 205 are assessing digital images, rather than the physical specimens themselves. While these 206 problems can often be resolved from other contextual clues (e.g., when the collector was alive, 207 whether the label is typed or hand-written, etc.), each of these aspects of data quality must be 208 assessed and managed when studying phenology. Moreover, different countries and individuals 209 have developed separate methods for recording specimen information, which presents a 210 challenge for data aggregation. This topic has recently received renewed attention, and methods 211 to improve standardization and integration of these data are currently being developed (Box 3). 212
Clearly, herbarium records are subject to error, as are all sources of data, and they may 213 contain geographic, phylogenetic, temporal, or other biases because they were not assembled to 214 answer phenological questions. Nevertheless, one of the strengths of herbarium data is that their 215 biases can be minimized by careful selection of species and phenological phases for assessment, 216 rigorous training of observers, high-quality imaging, and the continued development of statistical 217 methods to test and correct for biases. 218
219
Future Directions 220
Given the potential illustrated by previous studies and the vast number of digital herbarium 221 specimens coming online, the capacity of herbarium-based phenological research is immense. 222
The use of these virtual collections, however, will require a more rigorous effort to standardize 223 methodology as well as the development of new tools for large-scale data collection and 224
analysis. 225
The future of herbarium specimen data integration 226 
Standardization of herbarium-based data 242
In the phenological studies that have been completed to date (Table 1) results from CrowdCurio have demonstrated that phenological data collected from non-expert 296 users are comparable to those compiled by expert users, suggesting that it has the potential to be 297 a powerful tool for the collection of detailed, accurate phenological data [57] . In addition to 298 crowdsourcing, machine learning-the ability of computers to learn a task without being 299 specifically programmed-offers an exciting new tool for collecting large amounts of 300 phenological data from specimens. Several recent studies have demonstrated that machine 301 learning can be used to identify species with a high degree of accuracy based on leaf shape and 302 venation [68] . In either case, data collected with these new and powerful tools should be made to 303 conform to standardization efforts so that they can be easily incorporated into existing herbarium 304
databases. 305
The future of herbarium-based phenological research 306
One of the most promising aspects of herbarium-based phenological data is the potential 307 to expand our taxonomic and geographic sampling of phenological research. For example, the 308 vast collections of specimens from species-rich tropical and sub-tropical biomes (Table 1 including long-term phenological shifts and phenological sensitivity (i.e., the relationship between the timing of a phenological event 381
and seasonal environmental variation). See Table S1 for additional information on each study as well as additional recent studies that 382 have used herbarium species to estimate phenological data, but not in the context of climate change. 383 given phenophase can be characterized by an onset date, a date of peak abundance, and a 392 termination date. These points are referred to as phenological events. Composite metrics can be 393 derived from these events, such as the duration of a phenophase, estimated as the number of days 394 between its onset and its termination dates. Successive phenophases and phenological events 395 need not be mutually exclusive, as sequential phenophases may overlap. For example, the 396 flowering phenophase need not be complete before the fruiting phenophase begins. 397
Herbarium-based phenological research has primarily focused on a key subset of 398 phenological events, partly because of their ecological importance and partly because of the 399 limitations of measuring phenology from specimens. These events mainly include first flowering 400 date and peak flowering date, and, to a lesser extent, fruit set date and leaf-out date (Table 1) . 401
The collection of phenological data from herbarium specimens is fundamentally based on 402 the presence and absence of key reproductive or vegetative traits. Most often, the presence-and 403 occasionally the quantity-of these traits are then used to score the specimen as being in a 404 particular phenophase and representative of a particular phenological event. For example, in the 405 specimen featured in this box (Fig. I) communities. One such working group is currently drafting data standards targeting the 479 phenological status of herbarium specimens. These new standards will be integrated into APPLE 480
Core, an herbarium-specific set of standards, and the working group is also exploring how to 481 integrate these standards into the Darwin Core. Next steps for this working group include 482 determining how data housed in the 'reproductiveCondition' field can be integrated into 483 standardized fields and how to integrate the herbarium-based phenology standards with another 484 developing standardization initiative, the Plant Phenology Ontology (PPO). 485
The PPO working group aims to rigorously define plant phenological terms and formally specify 486 the relationships of these terms to each other and to terms from other ontologies, such as the 487 Plant Ontology and Phenotypic Quality Ontology [99] . Ontologies provide highly structured 488 controlled vocabularies for data annotation, and they are particularly useful for standardization 489 because they not only establish a common terminology, but also formalize logical relationships 490 between terms such that they can be analyzed using computerized reasoning [100] . For example, 491 queries of unstructured data often rely on matching search terms to identical terms in a database. 492
Structuring data with ontologies allows computers to match search terms with both identical 493 terms and those that are logically related. This capability enables integration among a wide range 494 of study types including 1) studies addressing similar phenophases but using different 495 methodologies, 2) studies involving different phenophases, and 3) studies not specifically 496 addressing phenology but producing other types of data, for instance, trait or climatic data (see Figure III) . Thus, the PPO will empower researchers to aggregate larger datasets and address 498 broader questions involving the interplay of phenology and other factors. 499 500 501
Figure III: Simplified representation of ontological classes and logical structure. In a complete 502 ontology, each term or "class" has a specific definition and is linked to any and all related classes 503 via "relation terms" such as is_a or part_of. These structured linkages between classes allow 504 integration among different methods of measuring a class (represented in blue), different 505 subclasses within a class (white), and between other types of data (yellow), which are subclasses 506 of the general term "quality," currently defined by the Phenotypic Quality Ontology. 507
Many herbarium specimens were collected half a century or more ago, so how can they be used 509 to study the rapidly changing climate over the past few decades? One approach is to combine 510 herbarium record data with other types of phenological observations. In (Fig. IV) [11] . Analyses of the 515 combined dataset showed stronger flowering responses to temperature and greater changes over 516 time, and explained more of the variation than using data from herbarium specimens alone. Data 517 from photographs (11% of records) and field observations (26%) were less abundant than 518 herbarium specimens (63%), but were crucial for showing the effects of climate change on 519 flowering phenology during recent decades. These seemingly disparate data are compatible 520 because field studies, herbarium specimens, and photographs each commonly record flowering 521 phenology and most often peak flowering. Further, the phenological stage of herbarium 522 specimens and the flowers in photographs can be evaluated at any time. 523 524 Leaf-out dates, a major component of ecosystem processes, can also be determined from 525 herbarium specimens for many plant species, especially temperate trees that leaf-out when they 526 flower, such as many species of maple, oak, birch, and poplar. For example, in a study of 27 527 common tree species in New England, 1599 herbarium specimens in a stage of early leaf-out 528 demonstrated that trees now leaf-out earlier than a century ago and leaf-out earlier in warm years 529
[18]. A surprising finding was that annual variation in temperature was far greater in determining 530 leaf-out dates than geographical variation in temperature, and that differences among species in 531 leaf-out times were not significant. Further, the geographic variation in leaf-out dates as 532 determined using herbarium specimens was significantly correlated with geographic variation in 533 leaf-out dates determined using remote sensing data provided by satellites. This correlation 534 provides an independent confirmation that remote sensing, a rapidly growing tool in climate 535 change research, is accurately measuring leaf-out times over large geographical areas. The study 536 also showed that, on average, herbarium specimens show later leaf-out dates than remote sensingdates, perhaps because remote sensing instruments are sensitive to ground cover, the shrub layer, 538 and the very first tree leaves. 
Glossary 553
Citizen science: the collection of scientific data by members of the public, often without specific 554 scientific training. Citizen scientists are participants in these efforts. They volunteer their time to 555 assist professional scientists in data collection, and in return gain skills and knowledge of timely, 556 relevant scientific research. Citizen science is also known, with a slight variation in 557 interpretation, as crowd-sourced science, public participation in scientific research, and 558 participatory action research. 559 560 Digitization: the process of supplementing objects, in this case specimens from natural history 561 collections, with digital data. Digitization of natural history collections specimens usually 562 involves curation, capturing and processing a digital image of the object, transcribing associated 563 label and ledger text, and geoferencing locality information. Digitized data can then be made 564 available online for researchers, educators, policy makers, and the public. 565 566 Herbarium specimen: preserved plant material. A herbarium specimen of a vascular plant is 567 typically created with a representative plant sample that is pressed, dried, mounted on archival 568 paper, labeled, and stored in a herbarium. Some vascular plant organs (e.g., flowers) as well as 569 most non-vascular plants (e.g., marine algae, liverworts, and bryophytes), are instead typically 570 stored in either a box or a jar with preserving fluid to retain their three-dimensional forms. 571 572 Ontology: a controlled, structured vocabulary that describes and formalizes relationships among 573 related terms. Characteristics of relationships are defined by an established set of hierarchical 574 conditions, such as X (e.g., leaf) is "a part of" another characteristic Y (e.g., plant), which is "a 575 member" of subset or group Z (e.g., organism). See Figure II for an illustration of this 576 hierarchical structure. 577 578 Phenology: the study of the timing of seasonal biological events as well as, colloquially, the 579 events themselves (Box 1). Plant phenological events include leaf-out, flowering, fruiting, and 580 senescence. Phenology can be determined in a binomial context as having occurred or not (e.g., 581
this plant is, or is not, in flower). It can also be described on an ordinal scale that starts at early, 582 and progresses through peak, late, and completed, or with numeric equivalents of these, i.e., 0-10for not-yet-flowering through to completed. Many of these events are evident on herbarium 584 Rossington, Tim H. Sparks, Pamela S. Soltis.
Trends Box
Phenology (i.e., the timing of flowering, leaf-out, and other recurring biological events) is an essential component in measuring how species have responded and will continue to respond to climate change.
Herbarium specimens are increasingly being recognized and valued as a reliable source for estimating phenological behavior for a diversity of plant species.
As millions of herbarium specimens become available online through massive digitization efforts, developing efficient methods and standards for collecting large amounts of specimenbased phenological data is vital to leveraging these data for research purposes.
Through integration with existing phenological data sets such as remote sensing and citizen science observations, herbarium specimens offer the potential to gain novel insights into plant diversity and ecosystem processes under future climate change. Rossington, Tim H. Sparks, Pamela S. Soltis.
Outstanding Questions
How reliable are herbarium specimens as measures of phenological behavior outside of temperate North America, particularly in biomes that experience distinctly different or minimal seasonal transitions such as savannas or tropical rainforests?
What is the potential for using herbarium specimens for measuring phenological events besides flowering and leaf-out, e.g., fruiting time and leaf senescence time?
Does the reliability of herbarium specimens for phenological research depend on other key characteristics of the plant such as growth form, lifespan, or mating system?
What are the most efficient ways of scaling up the collection of phenological data from herbarium specimens, particularly with crowdsourcing and citizen science methods, that will ensure the most accurate and useful results?
Can the expanded geographic range and annual variation provided by herbarium specimens be used to quantify the relative importance of alternative environmental cues for spring leafing out and flowering such as winter chilling requirements, spring warming, and photoperiod?
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